Abstract -We present a new approach to increase the downsize scalability of perpendicular STT-MRAM. It is achieved by increasing the thickness of the free layer in order to induce a perpendicular shape anisotropy (PSA). Therefore, in PSA-STT-MRAM, the perpendicular anisotropy mainly arises from the shape of the storage layer and no longer from an interfacial anisotropy with the tunnel barrier. This approach allows to easily tune the stability of the memory point just by changing the aspect ratio (thickness / diameter) of the storage layer. The paper is mainly focused on presenting the theory of PSA-MRAM and briefly discusses practical realizations of such devices.
I. INTRODUCTION
Magnetic Random-Access Memory (MRAM) is a nonvolatile class of solid-state storage device where the information is stored in the magnetic state of a ferromagnetic layer. Microelectronic industry has recently shown a strong interest for MRAM as they are very promising for embedded RAM applications and particularly embedded FLASH replacement [1] [2] [3] [4] [5] [6] . The main building bloc of an MRAM is a trilayer FM1/I/FM2 ( Fig. 1 .a) called magnetic tunnel junction (MTJ) [7] , where FM1(2) refer to ferromagnetic layers and I to a thin insulating tunnel barrier (~ 1.2 nm). Nowadays researches are mainly focused on perpendicularly (p) magnetized tunnel junctions [8] [9] [10] [11] written by spin transfer torque (STT) [12, 13] , where the perpendicular axis is defined by the growth direction. FM1 is called the reference layer, its magnetization is pinned in one specific direction (for example, the up direction). FM2 is called the storage layer or free layer, its magnetization can be switched between its two stable states (up and down). The resistance of the stack depends on the relative orientation of the two magnetizations. The parallel (P) state (up/up) is a low resistance state while the antiparallel (AP) state (up/down) is a high resistance state, thus respectively coding the "0" and "1" of the binary logic. The tunneling magnetoresistance (TMR) is defined by the ratio TMR = (RAP -RP)/RP. The P and AP states are separated by an energy barrier Eb, used to define the thermal stability of the memory ∆ = Eb/(kBT), with kBT the thermal energy ( Fig. 1.b) . For practical applications, one aims for Δ values from 60 to 100 [14, 15] .
II. STATE OF THE ART
In perpendicular STT-MRAM, the storage layer has commonly an almost cylindrical shape of diameter D and thickness L. When the memory cell is sufficiently small that the switching of the magnetization of the storage layer behaves in a macrospin manner (typically below 20 nm in diameter), its stability is given by Eq. 1, where µ0 is the vacuum permeability, A the area of the storage layer and MS the saturation magnetization. The first term inside the bracket is the shape anisotropy, where Nxx and Nzz are the demagnetizing factors. The second and third terms respectively represent the interfacial anisotropy arising at the FeCoB/MgO interface and a possible uniaxial bulk anisotropy of magnetocrystalline or magneto-elastic origin. The critical voltage Vc is defined as the minimum voltage required to write the memory state at 0 K (Eq. 2), where RA is simply the resistance x area product of the memory point. The write voltage at non-zero temperature can be lower than Vc and depends on the pulse duration [14] .
(1) (2) In conventional perpendicular MTJ, the thickness of the free layer (≃ 1.4 nm) is much lower than its diameter (> 30 nm), so that Nxx ~ 0, Nzz ~ 1. The shape anisotropy (first term in Eq.1) thus favors in-plane anisotropy. The perpendicular magnetization is then obtained thanks to a strong interfacial anisotropy at the FM/I interface which overcomes the in-plane shape anisotropy. The MTJ stack comprises the central block: FeCoB(~1.3nm)/MgO(~1.2nm)/FeCoB(~1.4nm) which has several advantages. After annealing, it provides a good crystallographic structure match between the FeCo(001) magnetic electrode and the MgO(001) tunnel barrier [16] , a quite low Gilbert damping constant [17, 18] , a strong interfacial anisotropy [19, 20] and a large spin polarization leading to a high TMR ratio [11, 21] . However, at sub-20 nm dimensions (macrospin behavior), ∆ scales with D², inevitably leading to excessively low values of ∆ at small diameters meaning too high bit error rate in standby or during read. In conventional STT-MRAM, one can insure ∆ > 60 down to diameters of around 20 nm [22] . This stability factor can be further improved by capping the free layer with a second MgO layer allowing to increase the total interfacial anisotropy. This enables to achieve ∆ > 60 down to diameters of ~ 15 nm [23, 24] .
III. NEW CONCEPT BASED ON THE SHAPE ANISOTROPY
To go to even smaller diameters while maintaining sufficiently high values of ∆, we propose here to take advantage of a perpendicular shape anisotropy (PSA) by patterning the storage layer with an aspect ratio L/D of the order or greater than one. By doing this, the shape anisotropy becomes positive and no longer fights against the interfacial anisotropy. To keep good interfacial properties (large TMR and large interfacial anisotropy), one can keep a thin FeCoB layer at the interface with the barrier, then deposit a thick FM layer with low Gilbert damping on top. This approach allows to have both good interfacial properties and to give to the storage layer the desired properties (low damping, weak thermal variation of anisotropy and TMR, etc). Let us for example consider the case of MgO/FeCoB(1.4nm)/Co(L-1.4nm) with a total thickness L (Fig. 2) . The smallest thicknesses correspond to the conventional p-STT-MRAM regime (L < 2 nm) while the larger ones correspond to the novel PSA-STT-MRAM regime (L > 3 nm). The diagram clearly illustrates the inability of p-STT-MRAM to maintain Δ > 60 at sub-20 nm nodes. On the other hand, once a thick Co layer is added on top of the storage layer, a strong perpendicular anisotropy can be recovered originating from the shape itself. By changing the thickness and/or the diameter of the storage layer, one can tune the stability over a very wide range, even for sub-10 nm nodes. For this example, a stability of Δ = 60 can be achieved down to a diameter of 4 nm with a total storage layer thickness of 32 nm. 
IV. SAMPLE PREPARATION
We use a Ta(150) layer, which is patterned by e-beam lithography then etched by ICP, as a hard mask for the etching of the MTJ. The latter is etched by IBE in 3 steps. (#1) The storage is etch at normal incidence (0°) angle to keep the cylindrical profile of the hard mask. (#2) Once the tunnel barrier is reached, the angle of incidence is increase at an intermediate value (~ 60°) to avoid any redeposition around the barrier during the etching of the reference layer. (#3) Finally, once the latter is fully etched, we move to a grazing angle (~ 80°) to trim the pillar to the desired diameter. With this technique, pillars with a sub-10 nm diameter can be fabricated.
V. EXPERIMENTAL RESULTS
PSA-MRAM with Co-based and NiFe-based free layers with thickness of 60 nm have been patterned by the IBE process describe above. The Fig. 3 (a) and (b) present the measured resistance versus the applied field for various diameter. The diameters are estimated electrically via the RA product of the stack which is evaluated before patterning the junctions (= 12.9 Ω.µm² and 13.5 Ω.µm² for NiFe and Co respectively). The square hysteresis loops clearly indicate the presence of a perpendicular shape anisotropy, which must come from the shape of the storage layer. In these devices, the coercive field decreases with the diameter (Fig. 3.c) , as expected. The TMR values (Fig. 3.d) are centered on 40 %, with a maximum of 92 %. The stability of these junctions, determined by fitting the field dependence of Psw with a generalization of Sharrock model [25] , is estimated to be greater than 300. Nonetheless, they couldn't be written by STT because of the too large values of both Δ and RA. This is coherent with theoretical predictions (Fig. 1) .
Finally, we patterned PSA-MRAM with a 12 nm-thick FeCoB(2)/CoFeB(8)/FeCoB(2) free layer capped by MgO. We trimmed the diameters of the pillars in the 10 to 20 nm range. This junctions therefore have both very low values of Δ (~ 20 to 60) and quite large diameter in average (meaning large area to transfer angular momentum by STT). Few of them could be written by STT (Fig. 3.e) , thus demonstrating the ability to switch thick storage layers. In order to have reproducible STT switching at low diameter and with a large thermal stability, one must work on the development of very low RA product junctions. Similar conclusions were very recently reached by Watanabe et al [26] .
VI. CONCLUSION
This paper present a novel approach to increase the downsize scalability of perpendicular STT-MRAM by increasing drastically the thickness of the free layer. In this approach, the perpendicular anisotropy thus mainly arises from the perpendicular shape anisotropy. It allows to widely tune the stability of the memory point just by playing on its aspect ratio. Remarkably large values of Δ (> 300) were achieved, even at sub-10 nm nodes. Less stable junctions (~ 40) have been switched by STT, demonstrating the ability to switch thick storage layers. To be able to switch sub-10 nm junctions with large stability factor, one must work on the development of very low RA product junctions.
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